Nonwoven fibrous membranes were formed from electrospinning lecithin solutions in a single processing step. As the concentration of lecithin increased, the micellar morphology evolved from spherical to cylindrical, and at higher concentrations the cylindrical micelles overlapped and entangled in a fashion similar to polymers in semi-dilute or concentrated solutions. At concentrations above the onset of entanglements of the wormlike micelles, electrospun fibers were fabricated with diameters on the order of 1 to 5 micrometers. The electrospun phospholipid fibers offer the potential for direct fabrication of biologically based, high-surface-area membranes without the use of multiple synthetic steps, complicated electrospinning designs, or postprocessing surface treatments. B ecause of their amphiphilic chemical structure, phospholipids organize into a bilayer matrix, which serves as the building block of cell membranes (1). Phospholipids possess a charged head group and a hydrocarbon tail that contain various amounts of unsaturation. Significant work has focused on engineering stable biomembranes as a result of polymerizing functionalized phospholipids or postpolymerization functionalization with phospholipid reagents (2, 3). For example, Nakaya et al. synthesized an alkyl methacrylate monomer with a phospholipid head group, which suppressed protein adsorption and platelet adhesion (4). Thus, phospholipidcontaining polymers are attractive candidates for blood purification membranes, artificial heart valves, artificial organs, and several other prosthetic devices (5-8). An alternative method for designing biocompatible devices involves coating suitable substrates with phospholipids (9, 10). The disadvantages of a coating strategy are numerous: for example, (i) multiple synthetic steps for production of a phospholipid functionalized polymer are required and (ii) grafting to or grafting from methodologies are necessary to sufficiently tailor the surface properties.
B
ecause of their amphiphilic chemical structure, phospholipids organize into a bilayer matrix, which serves as the building block of cell membranes (1) . Phospholipids possess a charged head group and a hydrocarbon tail that contain various amounts of unsaturation. Significant work has focused on engineering stable biomembranes as a result of polymerizing functionalized phospholipids or postpolymerization functionalization with phospholipid reagents (2, 3) . For example, Nakaya et al. synthesized an alkyl methacrylate monomer with a phospholipid head group, which suppressed protein adsorption and platelet adhesion (4) . Thus, phospholipidcontaining polymers are attractive candidates for blood purification membranes, artificial heart valves, artificial organs, and several other prosthetic devices (5) (6) (7) (8) . An alternative method for designing biocompatible devices involves coating suitable substrates with phospholipids (9, 10) . The disadvantages of a coating strategy are numerous: for example, (i) multiple synthetic steps for production of a phospholipid functionalized polymer are required and (ii) grafting to or grafting from methodologies are necessary to sufficiently tailor the surface properties.
Electrostatic spinning or electrospinning is a polymer processing technique that forms fibers two to three orders of magnitude smaller than conventionally processed fibers (11, 12) . Electrospinning typically occurs when a charged solution or melt of a high molar mass polymer is subjected to an electric field. Because of the presence of chain entanglements in the charged fluid, the fluid does not break up into droplets but forms a stable jet when the electrostatic repulsive forces on the fluid surface overcome the surface tension. The range of fiber diameters is roughly between 100 nm and 10 mm (13) and is dependent on (i) process variables, including electrical field strength, fluid flow rate, and working distance between the electrodes (14); (ii) solution variables, including viscosity, electrical conductivity, surface tension, and solvent volatility (15) ; and (iii) environmental variables, including temperature, pressure, and humidity (16, 17) .
We recently correlated the electrospun fiber morphology and fiber diameter to the degree of chain entanglements and chain overlap in solution (18, 19) . This empirical model was applicable to a range of polymer families, molar masses, and molecular architectures. Recently Wnek et al. developed a semi-empirical model that predicts the fiber morphology in terms of the polymer concentration, the weight average molar mass (M w ), and the entanglement molar mass (M e ) (20) . Because chain overlap and entanglements are necessary for electrospun fiber formation, electrospinning studies typically involve high molar mass polymers. However, our recent studies have demonstrated that high molar mass polymers are not essential for production of uniform electrospun fibers and that the presence of sufficient intermolecular interactions that effectively act as chain entanglements is the primary criterion. For example, polymers with strong quadruple hydrogen bonding capabilities displayed electrospinning behavior similar to unfunctionalized polymers of substantially higher molar mass (21) . Given that phospholipids can form entangled, worm- like micelles under the appropriate solution conditions, we examined whether they can also be spun into fibers.
Lecithin, which is a natural mixture of phospholipids and neutral lipids, forms cylindrical or wormlike reverse micelles in nonaqueous solutions ( Fig. 1A) (22) . As the concentration of lecithin is raised in solution, the micellar morphology changes from spherical to cylindrical, and at higher concentrations the cylindrical micelles overlap and entangle in a similar way to that of polymer chains in semi-dilute or concentrated solutions (23) . Water and other polar molecules serve to bridge the phosphate head groups between neighboring phospholipids through hydrogen bonds (24) .
The morphology of lecithin micelles that formed in nonaqueous solutions was probed by using dynamic light scattering and solution rheology, and the concentration dependence of the zero shear viscosity (h 0 ) was compared to scaling relationships. Moreover, because of entanglements between the wormlike micelles, we evaluated the electrospinning behavior of the lecithin solutions. The fabrication of a highsurface-area, potentially biocompatible, phospholipid membrane that involves a single processing step will offer exceptional promise for diverse biomedical applications.
In dilute nonpolar solutions, phospholipids form reverse spherical micelles with their polar head groups directed toward the hydrophilic core of the micelle. These spherical micelles undergo a one-dimensional, cylindrical growth with increased surfactant concentration. Figure  1B shows the typical micellar growth and entanglement of lecithin micelles. At the critical micelle concentration (CMC), the lecithin amphiphiles rearrange to form spherical micelles. The micelles undergo cylindrical growth and entanglement couplings above the entanglement concentration (C e ). Figure 1C shows the hydrodynamic radii (R h ) of lecithin in 70/30 CHCl 3 /N,N ¶-dimethylformamide (DMF) solutions as a function of concentration. The average micelle size was about 9 nm with a CMC of about 0.1 weight percent (wt %). This value is in good agreement with R h values of lecithin micelles in cyclohexene as measured earlier by Kanamaru and Einaga (25) . Moreover, within the concentration range investigated, the spherical micelles did not grow in size. Other researchers also observed an independence of spherical lecithin micelles size with concentration (26) .
The lecithin solutions were characterized by using a strain-controlled solution rheometer in the semi-dilute concentration regime. The entanglement concentration (C e ) is 35 wt%, which separates the semi-dilute unentangled and the semi-dilute entangled regimes. In a similar fashion to polymer coils, the wormlike micelles form entanglement couplings above C e . The slopes in the semi-dilute unentangled and semidilute entangled regimes were 2.4 and 8.4, respectively, which were substantially larger than those predicted for neutral polymers in a good solvent (h sp È C 1.25 and h sp È C 3.75 in unentangled and entangled regimes, respectively). Moreover, the concentration dependence of h sp was also greater than predictions from the reversible chain scission model (h sp È C 5.25 ). Solution rheological studies of micellar solutions performed by other researchers also displayed exponents larger than 5.25 (27) . In particular, Cappelaere et al. observed a power-law exponent of about 12 for cetyltrimethylammonium bromide aqueous solutions (28) . The unusually large concentration dependence suggests the presence of intermolecular associations between the wormlike micelles (29) . Polymer chains that are modified with associating functional groups also display a very strong h 0 dependence on concentration because of the increased probability of intermolecular associations compared with intramolecular associations with increasing concentration (30, 31) .
We have previously described the onset of chain entanglements as a criterion for the formation of electrospun fibers. Generally uniform fibers formed at 2 to 2.5C e due to stabilization of the electrified jet and suppression of the Raleigh instability from the entanglement couplings. It should be noted that electrospun fiber formation would not be possible if the phospholipids did not form a supramolecular entangled network, because individual phospholipids are low molar mass compounds that are incapable of forming entanglements.
All lecithin solutions were electrospun at constant conditions, 15 kV, 6-ml/hour syringe flow rate, and 10-cm working distance, from the semidilute unentangled and the semi-dilute entangled regimes. The solution rheological experiments and electrospinning trials were performed at the same conditions (room temperature and 70/30 wt/wt CHCl 3 /DMF) to ensure constant hydrodynamic dimensions of the wormlike micelles in solution before experiencing the electric field. Figure 2 shows field-emission scanning electron microscope (FESEM) images of electrospun fibers that were formed from various concen- Fig. 2. (A to F) FESEM images of electrospun phospholipids (C e 0 35 wt %). All images were collected at the same magnification. At 33 wt% (C G C e ) , droplets were formed because of the absence of chain entanglements in the supramolecular structure, which resulted in destabilization of the electrified jet ( Fig. 2A) . As the concentration was raised to 35 wt% (C e ), droplets still dominated the morphology, although there is evidence of a low concentration of fibers between the droplets (Fig. 2B) . Figure  2C shows that electrospun fibers with an average diameter of 2.8 mm were formed at 43 wt% (C 9 C e ). Fibers were formed for C 9 C e because the entanglements between the wormlike micelles stabilized the electrospinning jet and prevented breakup of the jet. The transition from beaded fibers to fibers with elongated beads can be seen by comparing Fig. 2 , B and C; this phenomenon was also observed for several different polymer families (32, 33) . Uniform, electrospun fibers with an average fiber diameter of 3.3 mm were formed when lecithin was electrospun at 45 wt% (Fig.  2D) . Lastly, the average fiber diameter increased from 4.2 to 5.9 mm as the lecithin concentration was raised further from 47 to 50 wt%, respectively (Fig. 2, E and F) . Energy dispersive spectroscopy (EDS) indicated that the lecithin amphiphiles were randomly oriented within the electrospun fibers without preferential layering. Moreover, 1 H nuclear magnetic resonance (NMR) spectroscopy confirmed that the chemical composition of the electrospun fibers and lecithin precursor were identical, which suggested that the electrospinning process did not substantially alter the chemical structure of the phospholipid.
On the basis of the normalized polymer concentration (C/C e ), we accurately predicted the average electrospun fiber diameter (D) for various polymer families, molar mass, and chain topology according to the equation DEmm^0 0.18(C/C e ) 2.7 . The empirical correlation underpredicted the fiber diameter for poly(alkyl methacrylates) with quadruple hydrogen bonding capabilities because of the strong concentration dependence of the solution viscosity. Figure 3A compares the dependence of the phospholipid fiber diameter on normalized concentration with the electrospinning behavior of neutral, nonassociating polymers (black line). In addition, the fiber diameter dependence for poly(alkyl methacrylates) with pendant quadruple hydrogen bonding groups is included. Because of the associations that are formed between hydrogen bonding groups, the fiber diameter was substantially larger than predicted. On inspection of Fig. 3A , it appears that the lecithin electrospinning behavior was similar to associating polymers, which is consistent with the presence of intermolecular associations between the lecithin micelles. Figure 3B shows the dependence of the average fiber diameter on h 0 for the micellar solution. The electrospinning behavior was also compared to the previous correlations developed for neutral, nonassociating polymers (black line). Figure 3B indicates excellent agreement between the phospholipid fiber diameter and the neutral polymer fiber diameter at a given value of h 0 . Thus, the large deviation from the fiber diameter-C/C e relationship was due to the strong concentration dependence of h 0 for the entangled lecithin micelles solutions. This observation was also similar to the electrospinning behavior of associating polymers as discussed earlier. Fig. 3 . Dependence of the electrospun fiber diameter on (A) C/C e and (B) h 0 . The triangles and squares correspond to fibers formed from poly(alkyl methacrylate) with quadruple hydrogen bond groups. Error bars measure the variability in the y axis data. 
